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ABSTRACT: Nitrogen-doped graphene quantum dots (N-
GQDs) have promising applications in catalysis and photo-
luminescence, but many existing synthetic methods require uses
of harsh chemicals, long reaction times, and complicated
purification steps and have poor control over the surface
functional groups. Laser ablation in liquid (LAL) is a promising
alternative method to prepare nanomaterials because of its fast
production, use of fewer chemicals, simple purification, and
fewer byproducts and its control of the product by precise
tuning of laser ablation parameters. We report the use of LAL
to produce N-GQDs from carbon nano-onions in aqueous
solutions of ammonia, ethylenediamine, and pyridine. The
choice of these dopants allowed for tuning the overall nitrogen
content and the distribution of functional groups that led to the control over the photoluminescence emission wavelengths and
lifetimes. High concentrations of amine groups tended to red-shift emission and exhibit shorter lifetimes, whereas pyridinic
groups would blue-shift the emission and exhibit longer lifetimes. The N-GQDs also showed a promising performance as
electrocatalysts for reducing oxygen to hydrogen peroxide, an important chemical widely used in industrial applications. The N-
GQDs exhibited both low overpotentials and high selectivity for a two-electron oxygen reduction pathway.
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■ INTRODUCTION

Graphene quantum dots (GQDs) are promising for many
applications in sensing,1,2 imaging,3 photovoltaics, displays,4

photodynamic therapy,5,6 and catalysis.7−9 GQDs have drawn
special attention because they can be synthesized from cheap
and abundant carbon sources in a large scale, avoid the use of
heavy metals, and are lightweight as well as biocompatible.10,11

Many of their applications are driven by their absorbance and
photoluminescent (PL) properties with the goal of color
control and high PL quantum yield (PLQY). While some
previous work has suggested that the size of sp2 carbon
domains, termed intrinsic states, within a GQD could be used
to control the absorbance and emission through quantum
confinement effects,12 others have demonstrated that defect
states associated with functional groups present on the surface,
often termed extrinsic states or molecule-like states, of GQDs,
could govern the emission and increase the PLQY.13,14

Therefore, by controlling the functional groups present on
the GQDs, it is possible to tune the emission to the desired
wavelength with improved PLQY.
Various research groups have demonstrated that the

chemical state of oxygenated functional groups on GQDs has
considerable influence on the emission. For instance, a high
degree of chemical oxidation leads to a red shift in emission,15

while chemical reduction of oxidized GQDs blue-shifts the
PL.16,17 Nitrogen doping has also been proven to have
influence on the emissive properties of GQDs; however, there
is still much debate on how various nitrogen functional groups
affect the PL. Nitrogen can be present in various forms on
GQDs including pyridinic, pyrrolic, amine, amide, graphitic,
and nitro groups. One recent report shows a trend of enhanced
PL with increased fractions of pyridinic nitrogen, while higher
fractions of pyrrolic nitrogen have the opposite effects and
favor nonradiative deactivations which decrease the PL.18

Another shows that increased concentrations of graphitic
nitrogen can red-shift the PL while also lowering the PLQY
due to the introduction of midgap states that decrease the
HOMO−LUMO gap.19 This is attributed to the electron
donating effect of the graphitic nitrogen into the intrinsic states
of GQDs, but other types of nitrogen including pyridinic,
pyrrolic, or amino groups did not have a similar effect.20

In contrast to the reports arguing for the role of nitrogen as
dopants influencing HOMO−LUMO gap, other reports
claimed that nitrogen doping could blue-shift the emission
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relative to undoped GQDs and this blue shift is attributed to a
change in defect states and surface functional groups.21 In fact,
certain reaction conditions can allow the formation of
molecule-like fluorophores that are attached to the GQDs
and act as the primary emitting species.22 For example, blue-
shifted emission is observed with the introduction of a high
fraction of pyridinic nitrogen,23 while the red shifting of
emission results from the increased concentration of amine
groups.24 Finally, samples containing higher overall nitrogen
content have exhibited higher PLQYs when compared to
similarly prepared samples with low nitrogen content.25

Although the role of dopants in photoluminescence is not
fully understood, it is clear that controlling both the ratios of
the functional groups and the overall nitrogen content could
influence the optical properties of the GQDs.
GQDs have been prepared through many top-down

methods, such as chemical exfoliation, hydrothermal synthesis,
and electron beam lithography, and by bottom-up methods,
such as stepwise organic synthesis and pyrolysis of carbon
precursors.10,11,26,27 However, these methods suffer from
limitations of multiple steps for preparation, low production
yields, use of many hazardous chemicals, long purification
processes, and production of nonuniform samples in both size
and morphology. Pulsed laser ablation in liquid (LAL) has
recently been proven as an alternative single-step method to
produce various carbon nanomaterials including GQDs.28−32

Potentially, LAL can overcome many of the limitations of other
synthetic methods because it uses fewer chemicals, produces
higher yields of desired products with few byproducts, and
simplifies purification processes.33−36 Typically, pulsed laser
irradiation is incident on a target, generating plasma plumes
that expand in liquid. The plasma is subsequently cooled by
the surrounding liquid.37 The presence of dopant molecules in
the surrounding liquid allows for the inclusion of various
heteroatoms and functional groups.38 Nitrogen doping in
particular has been achieved by laser ablation of carbon
precursors with dopants including diethylenetriamine,39

aminotoluene,40 or urea.41 It has been reported that an
increase in laser power can induce a red shift in emission40 and
that nitrogen content can be controlled by varying the dopant
concentration in liquid.41 To the best of our knowledge,
however, there are no reports on how the choice of nitrogen
precursors in LAL would influence the distribution of nitrogen
functional groups and the photoluminescence of the produced
GQDs.
The oxygen reduction reaction (ORR) is an important

reaction for energy conversion, biological respiration, and
industry applications. ORR can occur through four- and two-
electron processes that result in the production of water and
hydrogen peroxide, respectively, in acidic environments.42

While the four-electron process is important for the overall
efficiency of fuel cells, the two-electron process is receiving an
increased attention due to its efficient production of hydrogen
peroxide. Hydrogen peroxide is an important chemical in many
industrial applications including medical, environmental, food
and beverage, cosmetics, paper making, and chemical syn-
thesis.43,44 Current methods to produce hydrogen peroxide,
the anthraquinone process or direct synthesis from H2 and O2
gas, require multiple steps or involve dangerous reactions.43

The implementation of the electrocatalytic ORR to produce
hydrogen peroxide offers several advantages such as the
availability of abundant and clean precursors, few, if any,
purification steps, and safer production. The thermodynamic

potential for the ORR to form peroxide is 0.76 V vs reversible
hydrogen electrode (RHE),45 and it is highly desirable to
develop an efficient catalyst that is capable of reducing oxygen
to hydrogen peroxide through the dominant two-electron
process with low overpotential. Platinum has been shown to
catalyze the ORR with low overpotential; however, it is
expensive, susceptible to corrosion and CO poisoning, and
only active for the four-electron process without modifica-
tion.44 GQDs address some of these limitations as they are
produced from cheap and abundant precursors and are
lightweight, and their catalytic properties can be tuned by
doping with heteroatoms.9,23 However, challenges remain to
be addressed regarding the efficient scale up of catalysts with
enhanced tolerance against surface deactivation by byproducts
and impurities.
We report the synthesis of nitrogen-doped GQDs (N-

GQDs) through LAL of carbon nano-onions (CNOs) in water
along with the characterization of the PL and electrocatalytic
properties of the LAL-prepared N-GQDs in comparison with
LAL-prepared undoped GQDs. The nitrogen functional
groups of the GQDs were tuned by use of different nitrogen
containing precursors dissolved in water, including ammonia
(NA-GQDs), ethylenediamine (NE-GQDs), and pyridine (NP-
GQDs). These N-GQDs were compared to GQDs that were
produced in water without any nitrogen precursor molecules
(Ox-GQDs). In general, N-GQDs with high fractions of
pyridinic groups tended to favor blue emission, while amine
groups resulted in a red-shifted emission. These N-GQDs
showed high catalytic selectivity for the two-electron ORR
process with the NP-GQDs having the best performance. LAL
demonstrated the single-step, fast, and clean production of the
N-GQDs with few byproducts and tunable PL. LAL is a novel
synthetic approach to produce clean electrocatalysts without
surface contamination of active sites by using fewer chemicals
and a simple synthetic step.

■ EXPERIMENTAL SECTION
Materials. Ammonia hydroxide (ACS 28.0−30.0% NH3) was

purchased from Alfa Aesar, ethylene diamine (≥99.5%) from Sigma-
Aldrich, and pyridine (≥99.0%) from EMD Millipore. Nanodiamond
(98+%, 6 nm diameter) powders were purchased from Nano-
structured Amorphous Materials Inc. Potassium hydroxide (ACS
grade) was purchased from VWR Analytical, a Nafion dispersion
(D520, alcohol based 1000 equiv weight at 5 wt %) from
FuelCellStore, acetylene carbon black (100% compressed) from
Strem chemicals, Inc., and 20% Pt on Vulcan XC-72 (fuel cell grade)
from Premetek Co. All chemicals were used without further
purification. Deionized water was obtained from a Barnstead E-Pure
ultrapure water purification system. Iso-Disk filters (PTFE 25-4 25
mm × 0.45 μm) were purchased from Supelco Inc.

Sample Preparation. Preparation of CNOs. CNOs were
obtained by thermally annealing detonation nanodiamonds in a
graphitization furnace under helium flow at 1650 °C for 1 h.

LAL Synthesis of GQDs. The LAL to produce GQDs was carried
out similarly to our previously reported procedure.32 In a typical setup
an amount of about 50 mg of CNOs was pressed into a pellet at
10 000 psi and kept under pressure for 15 min. The pellet was
transferred to a small vial, and 3 mL of liquid was added. The vial was
placed in a larger secondary container with a quartz lid to prevent
evaporation. The reaction container was placed on a rotating stand.
The laser beam from a Quanta-Ray Lab 170 series Nd:YAG Q-
switched laser was directed to the pellet using a prism and focused on
the pellet surface using a lens. The laser power after passing through
the prism and lens was measured to be 80% of the power before the
optics. The pulse width was 6−8 ns and the repetition rate was 50 Hz.
The pellet was irradiated for 1 h with 532 nm light at 100 mJ/pulse
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(measured before the prism) with the focal spot size of 1.5 mm
diameter on the CNO target. After accounting for power loss due to
focusing optics, this laser power and spot size result in a laser fluence
of 4.5 J/cm2. DI water was used to prepare Ox-GQDs; 2.5 M
solutions of ammonia, ethylenediamine, and pyridine were used to
prepare NA-GQDs, NE-GQDs, and NP-GQDs, respectively. Following
the laser ablation, the solution was filtered with a 450 nm syringe filter
to remove any unconverted CNO pellet and dried overnight in an 80
°C oven to remove the liquid. The collected GQDs were redistributed
in DI water prior to analysis.
Characterization Details. PL spectra were collected with a

Horiba Scientific Fluoromax Plus-C fluorometer using 2 nm entrance
and exit slits and an integration time of 0.1 s for both excitation and
emission scans. PL lifetime measurements were performed using a
DeltaHub high throughput time correlated single photon counting
(TCSPC) controller and a NanoLED-390 pulsed excitation source
(excitation wavelength 393 ± 10 nm). TCSPC measurements were
collected at 425 and 465 nm emission with 5 nm bandpass at a
repetition rate of 1 MHz over a measurement time of 200 ns. The
instrument response function (IRF) was determined by measuring the
scattering of the excitation source with a Ludox sample. Lifetime
fitting was done using Horiba Scientific decay analysis software DAS6.
Ultraviolet−visible (UV−vis) absorption spectra were obtained from
a Thermo Scientific Evolution 201 UV−visible spectrophotometer at
a scan rate of 600 nm/min and an integration time of 0.1 s. Fourier-
transform infrared (FT-IR) spectra were obtained with a Thermo
Scientific Nicolet iS50 FT-IR Spectrometer equipped with a diamond
attenuated total reflectance (ATR) plate. To collect each spectrum a
small (<10 μL) drop of highly concentrated GQD solution was placed
on the ATR plate and was dried for 20 min in a 40 °C oven. Each
spectrum was collected using 64 scans and a resolution of 4 cm−1. X-
ray photoelectron spectroscopic (XPS) measurements were con-
ducted with a Thermo Scientific K-Alpha X-ray photoelectron
spectrometer system using an aluminum Kα X-ray source. Samples
were drop cast on a silicon wafer. A flood gun was used during
analysis. The spot size of X-ray was about 400 μm. XPS survey spectra
were obtained with five scans, and C 1s and N 1s XPS high resolution
spectra were obtained with 10 scans. For transmission electron
microscopy (TEM), 0.5 mg/mL solutions of GQDs were sonicated
for 1 h, and then an amount of 10 μL of the solutions was drop cast
on Lacey carbon 300-mesh copper grids. TEM images were obtained
using a Thermo Scientific Talos F200X scanning/transmission
electron microscope. Particle size analysis was carried out using the
open source ImageJ software package. Atomic force microscopy
(AFM) measurements were obtained using a Bruker Dimension Icon
scanning probe microscope.
Electrochemical Measurements. All electrochemical measure-

ments were performed in a 0.1 M KOH solution using a CHI-760D
potentiostat with a Ag/AgCl electrode as the reference electrode, a Pt
wire coil as the counter electrode, and a ring disk electrode (4 mm
glassy carbon disk, 1 mm Pt ring) as the working electrode. For the
working electrode, a GQD/carbon black composite was prepared in a
1:2 ratio. A solution containing 1 mg/mL composite with 0.5 wt %
nafion binder in water was prepared and sonicated for 1 h. Following
sonication, 10 μL of the solution was drop cast on the glassy carbon
disk of the ring-disk electrode and allowed to dry in a 50 °C oven
overnight. A N2 or O2 saturated environment was produced by
bubbling the corresponding gas in the KOH solution for 30 min. For a
typical sample cyclic voltammetry (CV) scans were collected in both
N2 and O2 saturated environments. CV scans were collected in the
scan range 1.26 to −0.24 V (vs RHE) at a scan rate of 20 mV/s.
Rotating disk electrode (RDE) linear sweep voltammetric (LSV)
measurements were collected in an O2 saturated environment in the
scan range 1.26 to −0.24 V (vs RHE) at a scan rate of 5 mV/s at
rotation speeds ranging from 400 to 3200 rpm in increments of 400
rpm. Rotating ring disk electrode (RRDE) measurements were
performed in an O2 saturated environment at 1600 rpm in the scan
range 1.26 to −0.24 V (vs RHE) at a scan rate of 5 mV/s, and a
constant potential of 0.35 V was applied to the ring to detect any
generated hydrogen peroxide. All samples were analyzed in the

potential range of 1.26 to −0.24 V except for the Pt/C electrode
which was analyzed in the potential range 1.26 to 0.06 V.

■ RESULTS
Figure 1a presents a schematic representation of a typical laser
ablation setup. In general, a 532 nm pulsed nanosecond laser

beam is directed through a prism and focused onto the pellet
using a lens. Once the laser interacts with the CNO target
(Figure 1b), a dense plasma of fragments from the precursor
and carbon atoms is formed and then expands. Subsequently,
the plasma is cooled by the surrounding liquid.37 As the plasma
cools, it nucleates and reacts with the water, and nitrogen
containing solutes are dissolved in water, allowing for
incorporation of various functional groups such as hydroxyl,
carbonyl, and carboxyl oxygen groups and pyridinic, amine,
pyrrolic, and graphitic nitrogen groups (Figure 1c). By
focusing of the laser pulse on the CNO pellet, further laser
pulses have minimal interactions with the formed GQDs that
are in the solutions. The GQDs also have negligible

Figure 1. Schematic representation of a typical laser ablation setup
(a). Upon laser irradiation, the precursor CNOs (b) are converted
into graphene quantum dots (c).
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absorbance at 532 nm which further minimizes interactions of
the GQDs with the laser pulses. TEM images of the Ox-GQDs
and N-GQDs are presented in Figure 2, and histograms of

their particle size analysis are reported in Figure S1. The Ox-
GQDs showed the presence of isolated particles (Figure 2a,
inset), and most particles formed agglomerates due to their
hydrophobicity. However, the small particles on the nanoscale
were visible within the agglomerates. The Ox-GQDs have a
much smaller particle size with an average diameter of 4.0(9)
nm, while the N doped samples (Figure 2b−d) have particle
diameters of 14(4) nm, 14(3) nm, and 15(4) nm for NA-
GQDs, NE-GQDs, and NP-GQDs, respectively. All four
samples have similar size distributions with relative standard
deviations of 20−25%, indicating that the choice of dopant
does not greatly affect the size uniformity. AFM measurements
are detailed in Figure S2 and show particle heights of 2.2(8)
nm for Ox-GQDs, 6(2) nm for NA-GQDs, 5.1(15) nm for NE-
GQDs, and 3.7(13) nm for NP-GQDs, indicating that the
lateral dimensions for all GQD samples are larger than their
heights and that Ox-GQDs are in general smaller than the N-
GQDs. The production yield was also considered by
comparing the mass of produced GQDs to the mass of
consumed CNOs. In a typical LAL experiment 53(7)% of the
consumed CNOs are converted to GQDs while the remaining
consumed pellet was filtered out of the solution. Future
implementation of methods to recover and reuse the large
filtered fragments of CNOs can be used to further improve the
production yield.
The choice of the nitrogen precursor solutes had an

influence on the functional groups formed on the nitrogen
doped GQDs. The FT-IR spectrum of each sample is
presented in Figure 3. The spectrum of the Ox-GQDs shows
a broad peak with the maximum around 3400 cm−1 and several
narrow ones in the region below 2000 cm−1. The 3400 cm−1

peak is attributed to the hydrogen-bonded O−H stretching of

hydroxyl functional groups, the 1700 cm−1 shoulder to the
CO stretching from carboxylic groups or ketones, the 1600
cm−1 peak to the aromatic ring stretch of the sp2 hybridized
carbon domains within the GQDs, the 1375 cm−1 peak to a
CH3 bend, and the 1150 cm−1 one to a sp3 bonded C−O
stretch. The spectra of the NA-GQDs have a similar absorption
profile as that of the Ox-GQDs. However, the peak in the O−
H stretching region is much broader and shifted toward 3300
cm−1, suggesting the presence of an amine N−H stretch. A
new, strong peak appears at 1350 cm−1 due to an aryl C−N
stretch,46 and the sp3 bonded C−O peak at 1150 cm−1 is split
into two due to the additional presence of a sp3 bonded C−N
stretch. For both NE-GQDs and NP-GQDs, the amine N−H
stretch at 3250 cm−1 is stronger relative to the O−H
stretching, which is present as a shoulder, and the C−H
stretching associated with the sp2 and sp3 carbons is more
sharply defined at 3050 and 2950 cm−1

, respectively. Similar to
the NA-GQDs, the NE-GQDs and NP-GQDs show the N−H
stretch, aromatic ring stretching, aryl C−N stretching, and sp3

bonded C−N and C−O stretching in the 700−1700 cm−1

range;46 however, the relative intensities are different for each
sample. For the NE-GQDs and NP-GQDs the sp

3 bonded C−
N and C−O stretching peaks become less resolved and much
weaker, and the aryl C−N stretch is also suppressed.
Moreover, the spectra of these two nitrogen-doped GQDs
show an additional sharp, strong peak at 1670 cm−1 which can
be assigned to the N−H bend, and the spectrum of the Np-
GQDs exhibits a large intensity increase of the aromatic ring
stretch peak at 1600 cm−1 compared to those of the other
GQDs.

Figure 2. TEM images of the Ox-GQDs (a) and N-GQDs produced
with ammonia (b), ethylenediamine (c), and pyridine (d). The scale
bar for the larger images is 100 nm, and the scale bar for the insets is
20 nm.

Figure 3. FT-IR spectra for the Ox-GQDs and N-GQDs produced
with ammonia, ethylenediamine, and pyridine.
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The functional groups of the LAL-prepared GQDs were
further investigated by XPS. The XPS survey spectra are shown
in Figure S3, and the resultant elemental ratios are presented in
Table S2. The Ox-GQDs consist of mainly carbon (64.8%)
and oxygen (33.5%). The small amount of nitrogen present is
likely due to adsorbed nitrogen from the atmosphere. Among
the three types of the N-GQDs, the nitrogen content increases
from 4.8% in the NA-GQDs to 10.2% in the Np-GQDs and to
23.% in the NE-GQDs. The highest content of nitrogen in the
NE-GQDs is consistent with the fact that each ethylenediamine
molecule has two nitrogen atoms and with a previous report
that primary amines allow for high degrees of nitrogen
doping.25 While all three nitrogen doped samples contain
oxygen, the NA-GQDs contain the largest fraction of oxygen
(55.9%), and the Np-GQDs have the largest fraction of carbon
(68.2%) out of all of the samples. Figure 4 presents the XPS C

1s high resolution spectra for all four samples, and their
binding energies and relative contributions are summarized in
Table S3. The deconvoluted spectra show the presence of sp2-
and sp3-C in the carbon domain and C−N, hydroxyl C−O,
carbonyl CO, and carboxylic O−CO bonded carbon at
284.5, 285.3, 286.1, 287.0, 288.0, and 289.0 eV, respec-
tively.47−49 The Ox-GQDs are the only samples where the
relative amounts of the sp2 bonded carbons are higher than the
sp3 bonded carbons. For the Ox-GQDs, hydroxyl groups are
the major functional group, with carbonyl and carboxylic
groups also present. For the N-doped GQDs, the C−N
bonded carbon is dominant over all oxygen containing
functional groups, and the hydroxyl groups have a higher
fraction than the carbonyl and carboxylic groups. The NP-
GQDs have the highest fraction of the sp2 carbons (26.2%) out
of all of the N-GQDs which is attributed to the pyridine
nitrogen source maintaining its sp2 nature during doping.
The various nature of nitrogen doping of the N-GQDs was

investigated by analyzing the N 1s XPS spectra. The N 1s XPS
raw and deconvoluted spectra are presented in Figure 5a−c,
and their total nitrogen content is presented in Figure 5d. The

binding energies and relative contributions are summarized in
Table S4. All three types of the N-GQDs have a mixture of
pyridinic, amine, pyrrolic, and graphitic nitrogen at 398.8,
399.7, 400.7, and 401.8 eV, respectively.47,50,51 Although
specific types of nitrogen precursors were used for the doping,
nitrogen is converted to various chemical states after
incorporation. For the NA-GQDs and NE-GQDs, the dominant
functional groups are amine and pyrrolic nitrogen with the NA-
GQDs having considerably less total nitrogen functional
groups than the NE-GQDs. The NE-GQDs have the largest
fraction of amine functional groups among the three N-GQDs
which accounts for 49.3% of the nitrogen containing functional
groups. Overall, nitrogen precursor solutes were found to
influence both the total amount of incorporated nitrogen and
the distribution of functional groups. For example, the NE-
GQDs retain the largest amount of amines, although a fraction
of amines is converted to pyridinic, pyrrolic, and graphitic
nitrogen. While the NE-GQDs and NP-GQDs both contain
similar amounts of pyridinic and graphitic nitrogen, these
functional groups contribute to a higher percentage of the NP-
GQDs, with the pyridinic group accounting for 31.3% and the
graphitic group accounting for 13.0% of the total nitrogen sites.
These results give further insight into the GQD formation
mechanism. During LAL, the dopant molecules are recruited
and chemically bonded to the resultant GQDs rather than just
physisorbed. This is supported by the presence of various
nitrogen functional groups in each N-GQD sample rather than
observation of only those the functional groups present in the
corresponding dopant molecule.
Figure 6a presents the UV−vis absorption spectra of the

various GQD samples. The Y axis of the absorption spectra is
extinction mass coefficient (ε, cm2 g−1). For GQDs, the short
wavelength absorption (<250 nm) is typically attributed to
π−π* transitions of the sp2 hybridized carbon backbone and
the longer wavelength absorptions (>250 nm) are due to n−π*
transitions of functional groups present.52 All samples exhibit
strong absorbance in the deep UV (200−210 nm) region from
the π−π* transitions of the carbon backbone. None of the

Figure 4. High resolution C 1s XPS spectra for the Ox-GQDs (a) and
N-GQDs produced with ammonia (b), ethylenediamine (c), and
pyridine (d).

Figure 5. High resolution N 1s XPS spectra of the N-GQDs produced
with ammonia (a), ethylenediamine (b), and pyridine (c). The
content of each nitrogen chemical state is summarized in (d).
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samples show any absorption past 450 nm which indicates that
all absorbance transitions occur in the UV−blue range. As
mentioned above, this also results in minimal interactions of
the GQDs with the 532 nm laser pulses during LAL. The Ox-
GQDs have shoulders at 265 and 350 nm which can be
attributed to the n−π* transitions of various oxygenated
functional groups. Similarly, the NA-GQDs have a peak at 280
nm; however, it is more strongly defined. The NE-GQDs have
the weakest absorbance with only weakly absorbing shoulders
observed at 270 and 350 nm. The NP-GQDs have a shoulder
occurring at 260 nm. All of the N-GQDs are only weakly
absorbing in the 350−450 nm range without any well-defined
features that reflect the wide distributions of surface functional
groups. Figure S4 shows the absorbance and PL spectra of the
precursor CNOs indicating a major change in optical
properties following LAL.
The PL excitation (PLE) spectra for the various GQD

samples are shown in Figure 6b. Each spectrum was collected
at the emission wavelength where maximal emission occurs for
each individual sample (445, 465, 435, and 415 nm for the Ox-
GQDs, NA-GQDs, NE-GQDs, and NP-GQDs, respectively).
For each GQD, the profile of the PLE spectrum is quite
different from its absorbance spectrum, due to the different
PLQYs of the bands. For the Ox-GQDs, the strongest emission
occurs with 310 nm excitation and with decreasing emission at
longer wavelengths. The slight shoulder at 385 nm is due to

Raman scattering of the water solvent. The NA-GQDs show a
gradual increase in emission with increasing excitation
wavelength with a slight shoulder apparent at 325 nm and a
well-defined peak at 375 nm. The NA-GQDs are the only
sample that has its strongest emission at a longer wavelength
excitation (380 nm). The NE-GQDs show peak emission with
330 nm excitation and decreasing emission at longer
wavelengths and a slight shoulder at 380 nm. The NP-GQDs
have the shortest wavelength excitation with a peak at 310 nm
and a shoulder around 330 nm. The full excitation spectra for
each sample are shown in Figure S5. For the NA-GQDs, two
peaks at 325 and 375 nm are apparent at all emission
wavelengths with the relative intensities of each peak changing
with emission wavelength. At shorter emission wavelengths the
peak at an excitation of 325 nm is stronger, and as the emission
wavelength increases, the peak excitation shifts toward favoring
375 nm. The NE-GQDs, on the other hand, show a similar
excitation profile, but it shifts toward longer excitation
wavelengths with increasing emission wavelength.
The PL properties were further examined by considering the

emission spectra of each sample (Figure 6c−f). The Ox-GQDs
have a peak emission occurring at 445 nm with 330 nm
excitation. The sharp, excitation dependent shoulders on the
short wavelength side of each PL curve are also due to the
Raman scattering of the water solvent. The NA-GQDs have
peak emission occurring at 465 nm with 390 nm excitation. At
330 nm excitation, a shoulder is also observed at 400 nm
emission but is suppressed at excitation wavelengths longer
than 360 nm. The NE-GQDs have the strongest emission
occurring at 435 nm with 360 nm excitation, and the NP-
GQDs peak emission occurs at 415 nm with 330−360 nm
excitation. It is observed that all four GQDs exhibit some
combination of both excitation independent and excitation
dependent emission. For the Ox-, NE-, and Np-GQDs, the
excitation independent emission is observed at shorter
wavelengths and excitation dependent emission is observed
at longer excitation wavelength. For the NA-GQDs, the
excitation dependence is only weakly observed while excitation
independent emission is strongly observed at 465 nm emission.
The excitation dependent emission is attributed to nonuniform
sp2 carbon domains within a sample favoring different
emissions based on the quantum confinement effect. These
emissions are weaker than the excitation independent
emissions that are attributed to emission from functional
groups.13,53

The emissive properties can be understood by considering
the functional groups present in the samples. The Ox-GQDs
have the weakest emission out of all the samples, which is
expected since they lack nitrogen doping that is expected to
enhance the emission. The peak emission at 445 nm is
attributed to emission from the large fraction of hydroxyl
groups as carboxyl groups are expected to contribute to longer
wavelength emissions.16 It has been reported that amine and
pyrrolic nitrogens red-shift emission while edge pyridinic
nitrogen blue-shifts the emission.54 The NA-GQDs have amine
nitrogen as their primary nitrogen functional group, and we
assign the strong excitation independent emission at 465 nm to
be from these amine groups. The NE-GQDs have a high
nitrogen content; while they favor amine and pyrrolic nitrogen,
they still have a high number of pyridinic and graphitic
nitrogen sites. This results in strong excitation dependent
emission from the various types of nitrogen doping. The bluer
emission occurs due to the pyridinic nitrogen, and redder

Figure 6. Absorbance spectra of the Ox-GQDs and N-GQDs
produced with various precursors (a), PLE spectra collected from
emissions at 445 nm for the Ox-GQDs, at 465 nm for the NA-GQDs,
at 435 nm for the NE-GQDs, and at 415 nm for the NP-GQDs (b),
and PL emission spectra at various excitation wavelengths for the Ox-
GQDs (c) and the N-GQDs produced with ammonia (d),
ethylenediamine (e), and pyridine (f).
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emission is mainly from the amine nitrogen. The NP-GQDs
have the bluest emission among all GQDs, attributable to the
largest fraction of the pyridinic nitrogen. They also have the
largest fraction of the graphitic nitrogen, and while it is
reported that the graphitic nitrogen can red-shift emission,19

we expect this to have minimal effect due to the large fraction
of the sp3 carbon causing disordered structures and small sp2

carbon domain sizes. On the basis of these observations, we
can assign the PLE bands observed in the N-GQDs. The NP-
GQDs have the strongest emission with shorter wavelength
excitation (310 nm) which is mainly influenced by transitions
related to the pyridinic nitrogen. The NA-GQDs exhibit the
strongest emission at longer wavelength excitation (380 nm)
due to mainly amine nitrogen groups. NE-GQDs have a large
number of both types of nitrogen and demonstrate strong
bands at both wavelengths.
Fluorescence intensity decay measurements were performed

at 390 nm excitation and measured at 425 (Figure 7a) and 465
nm emission (Figure 7b.) The fluorescence intensity decay

profile tracks the deactivation kinetics of electrons from an
excited state to the ground state via radiative and nonradiative
paths. The decay curves were fit to three exponentials as is
common with previously reported measurements.15 The
lifetimes and their overall contributions are summarized in
Table 1, and the complete fit parameters are shown in Tables
S4 and S5. All decays had a fast component (τ1) from the
radiative recombination of the intrinsic states13 and two slower
components (τ2 and τ3) that are attributed to the surface
functional groups.15

We previously reported that for GQDs containing a mixture
of hydroxyl and carboxylic groups the intrinsic state showed
the fluorescence decay with the fast τ1 component and was
weakly emitting, while the hydroxyl groups were responsible
for the intermediate τ2 component and carboxylic groups were
responsible for the longest τ3 component, and both functional
groups were strongly emitting.32 Other reports also suggest
that the intrinsic states have low PLQYs with a fast
nonradiative deactivation component.13 It also has been
suggested that functional groups with a higher degree of
oxidation or polarity will have a longer lifetime component that
also increases with increasing emission wavelength.55

Here, we observe a similar trend for the current GQD
samples. The τ1 component is slower at 465 nm emission than
at 425 nm emission. Since the τ1 is related to the intrinsic
states from the sp2 carbon domains, the shift to longer
wavelengths relates to the emission from larger carbon
domains that have a smaller energy gap. The relative
contributions also change due to varying amounts of the
different sized sp2 carbon domains. Out of the three different
decays, the τ1 is the least similar when comparing the various
samples, which can be explained by the large amount of the
disorder and sp3 carbon within the samples. With 390 nm
excitation, the emission intensity for the Ox-GQDs is
significantly higher at 465 nm than at 425 nm (Figure 7c.).
The relative contributions of the τ2 and τ3 components also
increase at 465 nm emission, which further supports that these
decays are due to components with a strong radiative nature.
Since the Ox-GQDs only have oxygen containing functional
groups, we assign the τ2 to hydroxyl groups and the τ3 to more
oxidized and polar carboxylic groups similar to previous
work.32,55 Since hydroxyl groups account for the highest
percentage of oxygen containing functional groups on the Ox-
GQDs, it makes sense that the τ2 component will have the
highest relative contribution.
The NA-GQDs also show a significant increase in emission

intensity with the shift from 425 to 465 nm emission. While τ2
shows a higher relative contribution at 465 nm, the τ3
component does not show any significant difference between
the two emissions. The dominant functional groups on the NA-
GQDs are hydroxyl and amine groups, so we expect them to
be the major contributing factors in the τ2 decay. While the
intrinsic τ1 component is present at 465 nm emission, it is
expected to have a low PLQY and minimally contribute to the
emission.32 Therefore, the strong emission observed at 465 nm
is assigned to surface functional groups from the τ2
component. Both the NE-GQDs and NP-GQDs show only a
slight increase in emission intensity at 465 nm, and their τ2 and
τ3 components have much less difference at the two emission
wavelengths. For both samples, the τ2 component decreases
slightly, while the τ3 component increases slightly. The
emission peaks at 390 nm excitation are also blue-shifted
relative to the Ox-GQDs and NA-GQDs. As previously

Figure 7. TCSPC of the Ox-GQDs and N-GQDs and the
corresponding IRF at 425 nm (a) and 465 nm (b) emission. PL
spectra at 393 nm excitation (c).
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mentioned, the NE-GQDs have a high nitrogen content which
contributes to excitation dependent emission and a high
quantity of different types of emitting functional groups. Since
the τ2 component is attributed to amine functional groups, we
expect τ3 to be strongly influenced by the more polar, pyridinic
nitrogen sites. Finally, it is noted that the τ3 component for the
NP-GQDs is noticeably slower when compared to the other
samples. The NP-GQDs have the highest overall percentage of
pyridinic nitrogen and the bluest shifted emission out of all of
the samples. If the τ3 component is influenced by the pyridinic
nitrogen groups, it makes sense that the NP-GQDs would have
such a long lifetime at 390 nm excitation because the radiative
component of deactivations is quite weak as shown by the
weak emission at 390 nm excitation in the PLE spectra
regardless of the emission wavelength (Figure S5d). The
emission at 465 nm could be due to an energy transfer process
because it would take longer for the higher energy states of the
NP-GQDs to decay to longer wavelengths before emitting.
Since the NP-GQDs are only weakly emitting with 390 nm
excitation, we expect τ3 for this sample to have a strong
nonradiative component and a weak radiative component.
The PLQY of the GQDs was measured relative to a quinine

sulfate standard (Figures S6−S8). The Ox-GQDs had a PLQY
of 0.81(7)%. The addition of nitrogen resulted in an increase
of PLQY with NA-, NE-, and NP-GQDs having PLQYs of
3.8(5)%, 8.6(4)%, and 4.6(3)%, respectively. Total nitrogen
content clearly influenced the PLQY as NE-GQDs had both
the highest nitrogen content and the highest PLQY while NA-
GQDs had both the lowest nitrogen content and PLQY of the
three N-GQDs. The photostability of the GQDs was
considered by measuring their emission at continuous
excitation for 1 h at their maximum excitation and emission
wavelengths (Figure S9). All four samples showed a decrease
in intensity of less than 7%, indicating the samples are stable in
water under continuous excitation and suitable for applications
that use similar conditions of excitation intensity. Finally, the
effects additional purification had on the spectra were
considered. Samples were dialyzed for 1 week in a 1000 Da
molecular weight cutoff membrane to remove any small side
products that could have formed during LAL. Spectra were
collected both before and after dialysis (Figure S10a−h) and
showed very similar PL profiles, which indicates that the
emitting species is retained in the dialysis membrane. The
outer solution was also analyzed (Figure S10i−l) and only
showed minimal emission. These results support LAL as a
method to produce PL materials in a way that is fast and
requires minimal purification.
To test the catalytic performance of the N-GQDs for the

ORR reaction, CV curves were recorded in either N2 saturated

or O2 saturated electrolyte. The performance of the N-GQDs
was compared to those of Pt/C and carbon black support in
the absence of the GQDs (Figure S11). Each CV curve was
corrected for IR (current times resistance) to compensate for a
large resistance that is due to the large content of nafion
(Table S12). All samples showed featureless CV curves in the
N2 saturated environment, indicating that no faradaic reactions
are taking place. For all samples in an O2 saturated
environment, as the potential was swept toward a more
negative voltage, a clear increase in reduction current density is
apparent due to the occurrence of the ORR reaction.
RDE measurements and their Koutecky−Levich plots are

reported in Figure 8a−d for the GQD samples and in Figure
S12 for the reference samples. A plot of the calculated electron
transfer numbers is shown in Figure 8e, and an overlay of RDE
LSV scans for each sample at 1600 rpm is shown in Figure 8f.
RDE measurements were performed at rotation speeds ranging
from 400 to 3200 rpm, and potentials ranging from 0.46 to
−0.24 V (vs RHE) were analyzed to determine electron
transfer numbers. Details of the Koutecky−Levich equation are
included in the Supporting Information. For Pt/C the electron
transfer number is close to 4 at low potentials but decreases
slightly at higher potentials indicating slight peroxide
formation. The Ox-GQDs show an electron transfer number
slightly lower than 2 which could indicate a mix of a two-
electron pathway to form peroxide and one-electron pathway
to form superoxide.56 The NE-GQDs have an electron transfer
number close to 3 at low applied potentials that approaches 2
as the potential becomes more negative. The NA-GQDs, NP-
GQDs, and carbon black all show an electron transfer number
that favors a two-electron process at all potentials, indicating
good selectivity for peroxide formation. All LSV scans were
swept from 1.26 to −0.24 V (vs RHE). Compared to the onset
potential of carbon black (0.70 V), all GQD samples showed
positively shifted onset potentials (NA-GQDs, 0.72 V; NE-
GQDs, 0.74 V; NP-GQDs, 0.75 V). It has been reported that
carbon atoms neighboring pyridinic sites have the best catalytic
activity,57 so it is not surprising that the NE-GQDs and NP-
GQDs show the lowest onset potentials as they contain a
comparable number of pyridinic and graphitic sites. Moreover,
the NE-GQDs and NP-GQDs have shown the largest ORR
current densities among the GQD samples, exceeding the NA-
GQDs, Ox-GQDs, and carbon black (Figure 8f). The Pt/C
reference sample had the lowest onset potential at 0.90 V and
the highest current density out of all of the samples; however,
it should be noted that this reference is catalyzing a four-
electron primarily over the two-electron process which was
favored by all of the carbon samples. It is also apparent that for
most RDE and RRDE measurements two separate increases in

Table 1. Time Correlated Single Photon Counting Lifetimes and Relative Contributions of the Ox-GQDs and N-GQDs at 425
and 465 nm Emission

Ox-GQDs NA-GQDs NE-GQDs NP-GQDs

lifetime (ns) contribution (%) lifetime (ns) contribution (%) lifetime (ns) contribution (%) lifetime (ns) contribution (%)

λem = 425 nm
τ1 0.346(10) 39.0(8) 0.355(12) 28.6(7) 0.92(5) 16.5(8) 0.56(3) 19.4(8)
τ2 2.71(5) 44.0(7) 3.02(5) 48.9(6) 3.52(4) 56.5(6) 3.56(3) 55.0(6)
τ3 9.13(8) 17.0(3) 9.17(6) 22.5(3) 8.86(5) 27.0(3) 11.43(5) 25.6(3)

λem = 465 nm
τ1 0.60(2) 24.0(5) 0.80(3) 20.0(6) 1.09(2) 18.2(4) 1.15(2) 19.2(4)
τ2 3.24(6) 51.7(6) 3.92(4) 57.3(4) 4.17(11) 53.2(7) 4.44(9) 53.5(5)
τ3 9.58(7) 24.3(3) 10.01(7) 22.7(3) 9.91(6) 28.6(4) 13.31(7) 27.3(3)
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current density are observed. This is especially prominent in
the NP-GQDs. We attribute the feature of two increasing
currents to the disturbance of mass transfer due to the porous
nature of the samples during the rotations of electrodes, not to
the presence of multiple catalytic sites.
RRDE measurements are reported in Figure 9a−d for the

GQD samples and Figure S13 for the reference samples. In
Figure 9a−d, the disk current is from ORR occurring at each
GQD working electrode while the ring current is from
oxidation of hydrogen peroxide produced from ORR. From
the RRDE results, electron transfer numbers are determined
for each GQD. The plots of the determined electron transfer
number and the percentage of hydrogen peroxide produced are
shown in Figure 9e,f. Similar to the RDE measurements, the
RRDE shows that all three N-GQD samples have an electron
transfer number close to 2 consistently across all applied
potentials. Their percent hydrogen peroxide production is
close to 80% which indicates good selectivity toward the two-
electron process. The Ox-GQDs have much lower selectivity at
60% which decreases with increased applied potential. It
should be noted that the electron transfer numbers for the Ox-

GQDs calculated by RRDE are significantly different from the
RDE measurements. For the Ox-GQDs, not only ORR but
also the reduction of oxygen-containing functional groups
present in the sample contribute to the overall reduction
current, as is previously reported.58 Therefore, electrochemical
measurements alone without separate product analyses are less
reliable for the determination of ORR pathway for Ox-GQDs.
The N-GQDs presented better consistency. Due to their low
onset potentials and high selectivity toward the two-electron
process, both NE-GQDs and NP-GQDs are good candidates
for electrocatalysis of hydrogen peroxide formation. Due to the
high resistance of the electrodes, further work could improve
this process by increasing the hydrophobicity of the GQDs so
that they require a lower Nafion content as a binder.
In conclusion, we have prepared nitrogen doped GQDs from

CNOs using laser ablation in liquid. This method offered
several advantages over traditional methods due to few
byproducts, fast production times, and the tunability of the
PL and functional groups. The choice of solutes in the liquid
allowed for tuning of the types of nitrogen functional groups
that were present and also influenced the overall nitrogen
content. The resultant N-GQDs had PL properties that were
tunable based on the ratios of N-functional groups. It was
observed that a high content of amine functional groups

Figure 8. RDE LSV scans for the Ox-GQDs (a), Na-GQDs (b), Ne-
GQDs (c), and Np-GQDs (d) and their derived KL plots (insets).
For the insets the various potentials are represented by black circles at
−0.5 V, blue squares at −0.6 V, orange triangles at −0.7 V, purple
crosses at −0.8 V, green hexes at −0.9 V, pink diamonds at −1.0 V,
light blue inverted triangles at −1.1 V, and red crosses at −1.2 V.
Electron transfer numbers (e, and overlaid LSV scans of each sample
collected at 1600 rpm (f).

Figure 9. RRDE LSV scans for the Ox-GQDs (a), Na-GQDs (b), Ne-
GQDs (c), and Np-GQDs (d). Electron transfer numbers (e) and %
H2O2 formation (f) for the Ox-GQDs (black circles), Na-GQDs (blue
squares), Ne-GQDs (green triangles), carbon black only (gray
diamonds), and Pt/C (red inverted triangles).
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resulted in more red-shifted emission, while a high
concentration of pyridinic nitrogen significantly blue-shifted
the emission. PL lifetime measurements indicated that intrinsic
states have a fast decay, while the functional groups exist as
extrinsic states with slower decays. A combination of hydroxyl
and amine functional groups leads to a decay in the 3−4 ns
range, while the more polar carboxylic or pyridinic groups have
decays that range from 9 to 13 ns. These N-GQDs exhibited
highly selective catalytic activity toward the two-electron
process for the ORR, with the NE-GQDs and NP-GQDs having
the best onset potentials and selectivity. Future works will look
toward improving the catalytic performance by increasing the
hydrophobicity of the samples through tuning of laser solution
parameters, and alternative, more readily available carbon
precursors will also be explored. Finally, it should be noted that
the choice of solvent and its properties such as polarity and
viscosity may significantly influence PL lifetime and PLQY of
GQDs and should be considered for applications.
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